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bstract
Nanofiltration was investigated for usability in a specific lactic acid production process based on conventional and bipolar electrodialysis
perations. Industrial fluids, corresponding to two potential integration levels and coming from an existing installation, were investigated. The
ommercially available DK nanofiltration membrane was used and performances in terms of lactate/lactic acid recovery rate and purification
fficiency are reported. Nanofiltration was able to efficiently remove magnesium and calcium ions from a sodium lactate fermentation broth before
ts concentration and conversion by electrodialysis (first potential integration level). Maximum impurities rejections and lactate recovery were
btained at maximum transmembrane pressures. Mg2+ and Ca2+ rejections were 64 ± 7 and 72 ± 7%, respectively and lactate recovery rate reached
5 ± 2 mol m−2 h−1 for P = 20 bar. Sulfate and phosphate ions were also partially removed from the broth (40% rejection). At the invert, chloride
ons were negatively retained by the membrane and were consequently more concentrated in the permeate. Nanofiltration also led to a nearly
otal decolouration of the fermentation broth. On the other hand, sulfate and phosphate rejections obtained from the filtration of a converted broth
ontaining the lactic acid under its neutral form (second potential integration level) were also satisfactory, i.e. 47 ± 5 and 51 ± 5%, respectively.
igh recovery rates were observed in that case, i.e. 48 ± 2 mol m−2 h−1 at 20 bar. It indicated that NF could also be used as final purification step
n the process.
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. Introduction
Lactic acid has become an essential additive for flavor and
reservation in a large number of industries including food man-
facturing and pharmaceuticals. Additionally, its derivatives and
olymers start to be used in various applications ranging from
rug delivery [1] to the production of biodegradable plastics
n an industrial scale [2]. As a result, lactic acid is generat-
ng more and more interest and the market, which represented
6,000 tonnes in 2001, is now expected to reach more than
00,000 tonnes in 2010 [3]. Because of this increasing demand,
nd also because of the more and more drastic environmental
onstraints in our societies, more efficient lactic acid produc-
ion processes that lead to less by-products are needed. Almost
men
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tionElectrodialysis
he processes now adopted are based on an initial biological
entation step followed by several downstream operations.
s, part of the work consists of optimizing the fermenta-
conditions [4–7]. But improving the downstream process-
efficiency is also of great interest. To that respect, a large
ber of recent studies proposed new combinations of tradi-
al and/or innovative operations to be used after fermentation
id–liquid extraction [8,9], ion-exchange [10], adsorption
, electrodialysis [12–14] and other membrane separation
rations [15–17]).
his work focuses on a widely adopted process, called two-
e electrodialysis recovery process, and described by Lee et
18] and Bailly [19] (Fig. 1). In order to increase the fer-
tation yield, the pH is adjusted by addition of a base. The
lting fermentation broth contains the lactic acid as a calcium,
onium or sodium salt and several organic and inorganic fer-
tation residues. The largest impurities (i.e., bacterial cells,
molecular weight residues) are first of all eliminated inrst step of clarification that can be done by microfiltra-
(MF) for instance [20]. The fluid is then concentrated by
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2onventional electrodialysis (CED), a technology based on the
lectromigration of ions through a stack of cation- and anion-
xchange membranes. The concentration’s goal is to improve
he global yield of the process (a partial purification in terms
f non-migrating species – remaining sugars for instance [12]
also occurs during this operation). After CED, the acid salt
s then converted into its free acid form by bipolar electrodial-
sis (BED). BED uses a stack of cation-exchange and bipolar
embranes and allows to efficiently convert the acid salt without
ddition or production of any by-product. It is now commonly
sed for the conversion of organic acids [21–23].
Improving the overall efficiency of a two-stage electrodial-
sis recovery process generally involves adding extra purifi-
ation operations before and/or after BED. Hardness (calcium
nd magnesium cations) indeed affects the life time of cation-
xchange membranes in the BED stack [24]. A number of patents
13,14,24] propose to use ion-exchange columns and/or nanofil-
ration to remove these ions before conversion. Purification
roblems associated with other species than calcium and mag-
esium can also be encountered. Indeed, depending on the final
roduct specifications, the partial or total elimination of other
esidual ions (sulfate, phosphate) and remaining sugars (lactose,
lucose) is often needed. Nanofiltration, activated carbon and
on-exchange columns are the solutions mentioned in patents
13,14,24,25]. Nanofiltration (NF) as a purification step before
nd/or after BED is proposed because: (1) typical NF mem-
ranes show low rejections of lactic acid (and high rejections of
ono- and disaccharides) and (2) the NF rejection mechanisms
re traditionally recognized as partly governed by electrostatic
nteractions leading to high rejections of divalent ions (Donnan
ffect). However, very few studies clearly quantified the effi-
iency of the separation applied during the nanofiltration of a
eal industrial fluid. To our knowledge, only Kang et al. [26]
nd Jeantet et al. [27] showed in recent publications that NF
an efficiently remove magnesium ions (together with glucose
r lactose) from a raw lactate fermentation broth. We present
ere a more systematic study on the possibility of using NF
n a clarified fermentation broth but also as a final purifica-
ion step after lactate conversion. Experiments were done with
eal industrial fluids corresponding to these two possibilities
Fig. 1):Fluid 1: Clarified fermentation broth (MF).
Fluid 2: Clarified, concentrated and converted fermentation
broth (MF–CED–BED).
2
fl
Fig. 1. Schematic diagram of a classical two-stage electroFor each run, the filtration performances are given in terms of
ux, lactic acid/lactate recovery rate, impurities rejection (mag-
esium, calcium, phosphate and sulfate ions) and separation
fficiency. Conclusions about the potential use of NF before
nd after conversion by BED are drawn from these results.
. Experimental
.1. Materials
.1.1. Membrane
The nanofiltration DK membrane was supplied by GE
smonics (Le Me´e Sur Seine, France) as flat sheets. It
s made of polyamide (active layer) and polysulfone and
s negatively charged at pH greater than 4 (=isoelectric
oint) [28]. Other important characteristics, as provided
y the supplier, are an average molecular weight cut-off
MWCO) of 150–300 g mol−1, a 98% rejection of Mg2SO4
for [Mg2SO4] = 2 g L−1 and P = 6.9 bar), and a hydraulic
ermeability of approximately 5.5 L h−1 m−2 bar−1 (hydraulic
esistance Rm = 7.4 × 1013 m−1 at 25 ◦C). The same piece of
embrane was used throughout the experiments.
.1.2. Solutions
All industrial fluids were supplied by Eurodia Industrie (Wis-
ous, France). They corresponded to two different levels of a
lassical two-stage electrodialysis recovery process of lactic acid
Fig. 1). The biological fermentation was conducted from starch
esidues and NaOH was used for pH adjustment (production of a
odium lactate fermentation broth). The composition and pH of
he solutions are given in Table 1 together with the size properties
f the solutes present in terms of molecular weight and Stokes
adius rs. This list is non-exhaustive and shows the major com-
ounds found by the analytical methods presented in the next
ection. No mono- or polysaccharides were identified in the sup-
lied fluids. Model solutions used to characterize the membrane
efore each run (Section 2.2.3) were made of ultra-pure water,
odium lactate (Prolabo-Merck Eurolab, Fontenay sous Bois,
rance) and glucose (Acros Organics, Noisy le Grand, France).
.2. Methods.2.1. Analytical methods
Total lactic acid (lactic acid + lactate) concentrations in
uids 1 and 2 were determined by HPLC using a Shodex
dialysis recovery process for lactic acid production.
Table 1
Composition of the industrial fluids and size properties of the solutes
Concentrations Solute properties
Fluid 1, MF Fluid 2, MF-CED-BED MW (g mol−1) Stokes radius rs (nm)
Lactic Acid 4 mM 1.57M 90.1 0.22a
Lactate 0.86M 40 mM 89.1 0.23a
Cl− 6 mM 11 mM 35.5 0.12b
H2PO4− 12 mM 19 mM 97.0 0.28a
SO42− 6 mM 11 mM 96.1 0.23b
Na+ 1M 97 mM 23.0 0.18b
K+ 41 mM – 39.1 0.13b
Ca2+ 6 mM – 40.1 0.31b
Mg2+ 12 mM – 24.3 0.35b
pH 6.2 2.3
Bold values are those corresponding to lactic acid and sodium lactate.
a Calculated from the Stokes–Einstein relation rs = kBT/6πμ0D∞, with kB = 1.3807 × 10−23 J K−1, μ0 = 8.9 × 10−4 Pa s, T = 298.15 K, D∞,LacticAcid =
1 −9 2 −1 −9 2 −1 88 × −9 2 −1
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t.1 × 10 m s [44], D∞,Lactate = 1.06 × 10 m s [45], D∞,H2PO4− = 0.
b See [46].
UGAR SH1011 column (Showa Denko, Kawasaki, Japan) and
refractive index detector. The column temperature was set
o 50 ◦C and the mobile phase was 0.01N sulfuric acid at a
ow rate of 1 mL min−1
.
Respective quantities of lactate and
actic acid were then determined using the measured value,
he solution pH, and the specific lactic acid acid–base disso-
iation constant (pKa = 3.86 at T = 25 ◦C [29]). Mineral ions
ere analyzed on a Dionex IC system (Sunnyvale, CA, USA)
sing a CD20 conductivity detector. Chemical separations were
chieved using an Ionpac AS11 column (mobile phase = NaOH
4.5 mM at 1 mL min−1) and an Ionpac CS12A column (mobile
hase = CH4O3S 20 mM at 1 mL min−1) for anions and cations,
espectively. Concentrations of sodium lactate and glucose in
he model solutions used for membrane integrity check (Sec-
ion 2.2.3) were determined by refractometry (Atago RX-5000
efractometer, Tokyo, Japan).
.2.2. Filtration unit and experimental procedure
All experiments were done using a membrane system already
escribed in a previous paper [30]. Briefly, the cross-flow fil-
ration unit uses a Sepa CF II cell (GE Osmonics, Le Me´e
ur Seine, France) that allows running filtrations on relatively
mall flat-sheet membranes (140 cm2) at hydrodynamic con-
itions close to those encountered in a spiral-wound module
i.e., cross-flow velocity, spacer geometry). All the filtrations
ere performed at constant cross-flow velocity (1.3 m s−1, i.e.
e ≈ 1400 for this cell geometry) and constant feed concentra-
ion (permeate and retentate recycling). All feed solutions were
ept at 25.0 ± 0.5 ◦C during the experiments. Transmembrane
ressures ranging from 2 to 20 bar were used to get the variations
f flux and rejection with P. For each component, rejection R
%) was defined as:(
C
)= 100 × 1 − p
Cf
(1)
here Cp is the solute concentration in the permeate and Cf is
he solute concentration in the feed.10 m s [45].
For all impurities, the separation efficiency was described by
a separation factor S defined as:
SImp = 1 − RLac1 − RImp (2)
with RLac the lactic acid or lactate rejection and RImp the rejec-
tion of the specific impurity. S represents the increase in the ratio
[Lac]/[Imp] in the permeate. As an example, S = 2 indicates that
[Lac]/[Imp] doubles in the permeate compared to the feed solu-
tion.
2.2.3. Membrane pre-treatment and integrity check
The membrane was compacted before each run by filtering
high-purity water at 20 bar until a constant permeation flux was
reached. The average hydraulic resistance Rm was then calcu-
lated. A constant value of 5.4 ± 0.2 × 1013 m−1 was obtained
throughout all experiments. Prior to the filtration of the indus-
trial fluids 1 and 2, the characteristics of the membrane in terms
of glucose (0.1 M) and sodium lactate (0.5 M) rejections were
determined from the filtrations of model single-solute solutions.
These rejections are linked to the average pore radius (glucose
and sodium lactate cases) and the charge density (for sodium lac-
tate case only) of the membrane [31]. Relatively constant rejec-
tions were obtained (60 ± 5 and 30 ± 5% for glucose and sodium
lactate, respectively, at P = 20 bar, results not shown), indicat-
ing that the membrane characteristics were identical before each
experiment.
3. Results and discussion
In the next section, the filtration performances are given
in terms of permeation flux, lactic acid/lactate recovery rate,
impurities rejection (phosphate, sulfate, chloride, calcium and
magnesium ions) and separation efficiency. Conclusions about
the potential use of NF before and after conversion by BED are
drawn from these results in Section 4.
Fig. 2. Permeation flux Jv as a function of transmembrane pressure P after
membrane compaction (water flux) and for the two sets of experiments: ( )
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Fig. 4. Solute rejections R as a function of transmembrane pressure P for fluid
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(uid 1 (MF) and () fluid 2 (MF–CED–BED).
.1. Permeation fluxes
The volumetric permeation fluxes Jv for the experiments
ith industrial fluids 1 and 2 showed comparable values and
linear increase of Jv with P ranging from 4 to 20 bar
Fig. 2). The measured fluxes are lower than the water fluxes
btained after membrane compaction. This is typically due to
he osmotic pressure difference induced by the separation but
lso to the higher viscosities of the permeating solutions com-
ared to water. On this last point, viscosities around 1.4–1.7
imes the viscosity of water can indeed be estimated for the
ermeates of runs 1 and 2, respectively (calculation based on
he work of Lo Presti et al. [32] and making the assumption
hat sodium lactate/lactic acid are the major contributors to
iscosity).
The permeation fluxes reported are suitable for an industrial
pplication with values close to 35 L h−1 m−2 at P = 20 bar.
hese fluxes are comparable to, and even higher than, those
btained by Kang et al. (20 L h−1 m−2 at 27 bar, [26]) with a
odium lactate fermentation broth and a membrane showing
omparable characteristics with the DK membrane (NF45 mem-
rane [33]).
i
i
w
a
ig. 3. Solute rejections R as a function of transmembrane pressure P for fluid 1 (M
b) Anionic content: ( ) SO42−, (♦) H2PO4− and ( ) Cl−.(MF-CED-BED): ( ) Na+, () lactic acid, ( ) SO42−, (♦) H2PO4− and
) Cl−.
.2. Lactic acid/lactate recovery
As expected, low rejections of lactate (fluid 1) and lactic
cid (fluid 2) were observed in both cases (Figs. 3 and 4). Max-
mum rejections at P = 20 bar reached 18 ± 2 and 15 ± 2%,
espectively (Table 2). In the first run, it has to be noted that
actate permeates through the membrane together with asso-
iated sodium ions. Sodium rejection, i.e. 22 ± 2% at 20 bar,
s consequently similar to lactate rejection (Fig. 3). Potassium
ons, slightly smaller in size (Table 1) and identical in charge to
odium ions, are nearly equally retained (18 ± 2%).
Lactic acid is primarily present as a neutral molecule in fluid
(1.57 M of lactic acid molecules versus 40 mM of lactate ions,
able 1). It is only retained by size effects and presents a suffi-
iently small size to permeate through the membrane. Lactic acid
olecular weight is indeed 90 g mol−1 against a typical MWCO
f 150–300 mol g−1 for the Desal DK membrane. Conversely,
actic acid is almost exclusively present as lactate ion in fluid 1
Table 1). Rejection of charged molecules in nanofiltration is typ-
cally explained by a combination of size effects and electrostatic
nteractions between the solute and the charged membrane. It is
ell-known that charge repulsion effects become less important
t increasing bulk ionic concentrations and/or decreasing mem-
F). (a) Cationic content: ( ) Ca2+, () Mg2+, ( ) Na+, ( ) K+, () lactate.
Table 2
Lactate, lactic acid and ions rejection, recovery rate and separation factor data for the two industrial fluids investigated at P = 20 bar
Fluid 1, MF Fluid 2, MF–CED–BED
Rejection (%) Recovery rate (mol m−2 h−1) Separation factor Rejection (%) Recovery rate (mol m−2 h−1) Separation factor
Lactate 18 ± 2 24.7 ± 2.0 – – – –
Lactic acid – – – 15 ± 2 48.0 ± 2.0 –
Cl− −23 ± 2 – 0.7 27 ± 3 – 1.2
H2PO4− 38 ± 4.0 – 1.3 47 ± 5 – 1.6
SO42− 42 ± 4 – 1.4 51 ± 5 – 1.7
Na+ 22 ± 2 – (1.0) 27 ± 3 – 1.2
K+
C
M
b
b
a
c
c
r
t
c
m
a
c
i
h
(
t
i
i
o
r
t
t
t
[
i
i
t
r
f
fi
b
s
3
t
c
i
p
f
s
t
a
(
i
w
n
a
e
fl
m
(
n
[
t
p
c
w
c
c
m
s
n
a
A
s
t
L
i
c
t
t
h
c
a
a

t18 ± 2 – (1.0)
a2+ 72 ± 7 – 2.9
g2+ 64 ± 7 – 2.3
rane charge density. This phenomenon is generally explained
y assuming a Donann equilibrium between the bulk solution
nd the membrane [31,34,35]. Ideally, at a sufficient ionic con-
entration, electrostatic interactions become negligible so that
harged solutes are only retained via size effects. The lactate
ejection obtained for fluid 1 shows that this limit in concen-
ration is almost reached. Indeed, results from a former study
onducted with sodium lactate model solutions on the same
embrane showed that lactate rejection can reach up to 0.8
t low concentrations (0.1 M, [30]). This clearly indicates that
harge effects are strongly affected by lactate concentration
n the present case. Moreover, lactate rejection, although still
igher by a small extent, is very close to lactic acid rejection
fluid 2). As we can reasonably assume that lactic acid and lac-
ate ion present the same size (Table 1), this result furthermore
ndicates that electrostatic effects are not of major importance
n this case.
Of course, due to the complexity of the solutions investigated,
ther mechanisms could be, directly or indirectly, involved in the
ejection of lactate and lactic acid. We could mention for instance
he possible swelling of the membrane pores at low pH [36] and
he adsorption of specific ions onto/into the membrane leading
o changes in membrane characteristics (charge and/or pore size
37]). However, and even if these effects probably play a role
n the cases presented here, it is difficult to assess their relative
mportance from the results obtained.
In order to look at the overall performances of the two runs,
he recovery rates for runs 1 and 2, i.e. quantities of product
ecovered in the permeate per unit of time and membrane sur-
ace, are given in Table 2. They are important values for the
ltration evaluation and are typically higher than those reported
y Kang et al. with another membrane at transmembrane pres-
ures higher than 20 bar [26].
.3. Mineral ions rejections
As lactate/lactic acid are the desired products of the filtra-
ions, phosphate, sulfate, chloride, calcium and magnesium ions
onstitute impurities. Calcium and magnesium are only present
n the clarified fermentation broth (fluid 1) as sulfate and phos-
hate are present in the two processed fluids. Because they
ollow the lactate ions through the membrane, potassium and
odium ions cannot be considered as impurities in fluid 1 (Sec-
r
f
S
s– – –
– – –
– – –
ion 3.2). Nevertheless, sodium is undesirable in the final product
nd consequently in fluid 2.
All impurities were initially present at low concentrations
less than 50 mM for the great majority). Moreover, all these
ons are different in terms of charge and size. Their rejection
as consequently the result of numerous and complex mecha-
isms. These mechanisms are difficult to explain and/or predict
nd related to charge/size repulsion effects as well as charge
quilibriums. The negative chloride rejections observed with
uid 1 (Fig. 3b) are one perfect illustration of such complex
echanisms. At P = 20 bar, chloride rejection was −23 ± 2%
Table 2). This effect has been widely encountered during
anofiltration of model mixtures of mono- and divalent ions
28,36,38–41]. However, it has been rarely reported in filtra-
ion of more complex fluids (dairy process water [42]). This
henomenon is due to the competition for permeation between
o-ions (ions showing the same charge sign as the membrane)
ith different mobility, i.e. size and number of charge [36]. In the
ase presented here and knowing that the membrane is negatively
harged at this pH (pH > 4), chloride ions permeate through the
embrane more freely than lactate and sulfate ions, which are
olutes of higher size and/or charge (Table 1). It results in this
egative rejection, i.e. a chloride enrichment in the permeate,
nd consequently in a separation factor S lower than 1 (Table 2).
t the opposite, chloride ions become clearly rejected in the
econd run (fluid 2, Fig. 4 and Table 2). In this case, none of
he conditions leading to chloride negative rejection is satisfied.
actic acid is indeed present in its neutral form and chloride
ons are membrane counter-ions (as the membrane is positively
harged at pH < 4). The resulting chloride rejection is higher
han lactic acid one by a small amount so that a small purifica-
ion occur (separation factor close to 0.2). It can also be noted
ere that sodium ions show the same rejection (27 ± 3%) and
onsequently the same separation factor.
The rejections of the ions with higher molecular weights
nd/or charges, i.e. phosphate, sulfate, magnesium and calcium,
re presented in Figs. 3 and 4 and reported in Table 2 for
P = 20 bar. All these solutes were highly rejected compared
o any other species. Phosphate and sulfate ions were equally
etained along the pressure range for the raw and concentrated
ermentation broth (fluid 1, Fig. 3b). As already mentioned in
ection 3.2, rejection mechanisms in such a concentrated salt
olution are mainly due to size effects. Nevertheless, we can
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Sresume that electrostatic effects are still partly responsible for
he observed sulfate rejection (Fig. 3b). Charge repulsion effects
re indeed more significant with divalent co-ions and high sul-
ate rejection on negatively charged membrane is a classical
esult in nanofiltration [34]. Moreover, the rejection obtained
annot be explained through size effects only since sulfate ion
hows the same size as lactate ion (Table 1). On the other hand,
teric-hindrance effects are clearly visible when looking at the
hosphate rejection compared with lactate. These two solutes
ndeed present the same charge but a clear difference in size
Table 1). For fluid 2, i.e. when lactic acid is present as a neutral
olecule, sulfate and phosphate rejections reached about 50%
t P = 20 bar with separation factors > 1.5 (Fig. 4). Such val-
es are higher, by a small extent, to those obtained with fluid 1.
hese results cannot be explained by size exclusion phenomenon
nly and the mechanisms responsible of these rejections are not
lear in that case. The membrane is indeed supposed to be posi-
ively charged at this pH and should attract these ions more than
epel them (Donnan effect). But, as it was already mentioned,
ffects of pH and/or specific ion adsorption on membrane struc-
ure [36,37], as well as complex ionic equilibriums, could be
esponsible for the observed results.
Finally, calcium and magnesium ions present in fluid 1 were
ighly rejected by the membrane (Fig. 3a). Rejections of 72 ± 7
nd 64 ± 7% were observed at 20 bar, respectively. As a result,
agnesium and calcium separation factors at P = 20 bar are
elatively high in fluid 1 (2.3 and 2.9) and indicate good NF
erformances. Again, size effects are probably the main con-
ributors to these rejections. These divalent cations indeed show
igh Stokes radii compared to all the other species in solution
Table 1). However, we can speculate that adsorption phenom-
ig. 5. Histograms showing the fluid 1 initial composition (Feed solution) and the pe
O42−, Mg2+ and Ca2+ content in mM. (c) Evidence of the decolouration induced byna will also contribute to this overall rejection of magnesium
nd calcium. From streaming potential measurements, Childress
t al. indeed showed that divalent cations can form complexes
ith the surface of negatively charged nanofiltration membrane
43]. It is not possible here to quantify the effect of adsorption
n the overall Mg2+ and Ca2+ rejections. Nevertheless, it could
e relatively important since size effects alone cannot explain
he relative positions of Ca2+ and Mg2+ rejections (Fig. 3a).
alcium ions were indeed more retained than magnesium ions
which is in contradiction with their relative size, Table 1) and
alcium is known to be more easily adsorbed than magnesium
nto polyamide nanofiltration membranes [37]. Nevertheless,
t has to be noted that no firm conclusion can be drawn here
ince previous studies relating to adsorption in nanofiltration
ere conducted with diluted model solutions of a mineral salt,
nd not a complex and concentrated solution like in the present
ork.
. Nanofiltration potentialities and conclusion
Two main conclusions can be drawn from the former results
n terms of potential use of nanofiltration in a two-stage electro-
ialysis recovery process of lactic acid (Fig. 1):
(a) Nanofiltration was able to partially remove magnesium and
calcium ions from a raw, clarified fermentation broth with
high lactate recovery rates (fluid 1). Results obtained at
P = 20 bar showed Mg2+ and Ca2+ rejections reaching
64 ± 7 and 72 ± 7%, respectively for a lactate recovery
rate of 24 ± 2 mol m−2 h−1. Moreover, as former studies
only focused on magnesium removal until now [26,27], we
rmeate composition. (a) Lactate, Na+ and K+ content in M. (b) Cl−, H2PO4−,
the filtration.
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Kang et al. [26], Fig. 5c also shows that nanofiltration is
able to remove the brown color of the fermentation broth
(Fig. 5c). Finally, because the fermentation conducted by
our supplier was optimized, the broth we used in this work
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contains some sugar(s). According to the Desal DK spec-
ifications, we speculate that this membrane will totally
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be efficient to retain this sugar. Former results of our group
indeed showed that glucose rejection is unexpectedly low
in presence of sodium lactate [30].
(b) Nanofiltration could be used as a final purification step
after concentration and conversion of the process fluid.
We indeed showed that about 50% of the phosphate and
sulfate ions were retained by the membrane at an operat-
ing pressure of 20 bar (51 ± 5 and 47 ± 5%, respectively).
High recovery rates were also observed in that case, i.e.
48 ± 2 mol m−2 h−1 at 20 bar. Naturally, the NF integration
at this level will depend on the desired properties of the
final lactic acid solution. In some particular cases, remain-
ing sugars can still be present in the converted solution [12].
Because glucose rejection is not affected by lactic acid when
neutral [30], we speculate that nanofiltration could also effi-
ciently remove any remaining sugars after BED.
In a general manner, and as it was proposed in a certain num-
ber of patents but rarely verified, we showed in this study that
nanofiltration can play an important role for lactic acid produc-
tion. Naturally, the final integration of this technology into a
specific existing industrial process will depend on many factors.
Among them, the fermentation conditions, the available electro-
dialysis equipment and inevitable economic considerations will
have to be taken into account.
Acknowledgments
We thank Ernest Casademont and Sandrine Desclaux for the
precious help with the analysis instruments. The funding sup-
port of the PROSETIA program (CNRS/INRA) and Eurodia
Industrie is acknowledged.removal of hardness from fermentation broth by nanofiltration, Biotechnol.
Progress 20 (2004) 764–770.
27] R. Jeantet, J.L. Maubois, P. Boyaval, Semicontinuous production of lac-
tic acid in a bioreactor coupled with nanofiltration membranes, Enzyme
Microb. Technol. 19 (1996) 614–619.
[[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
flat semiconductor pH sensor, Anal. Sci. 18 (2002).
[45] P.H. Barry, Ionic Mobility Tables, http://www.med.unsw.edu.au/28] G. Hagmeyer, R. Gimbel, Modelling the salt rejection of nanofiltration
membranes for ternary ion mixtures and for single salts at different pH
values, Desalination 117 (1998) 247–256.
29] J.M. Berg, J.L. Tymoczko, J. Stryer, Biochemistry, fifth ed., W.H. Freeman,
New York, 2002.
30] A. Bouchoux, H. Roux-de Balmann, F. Lutin, Nanofiltration of glucose
and sodium lactate solutions: variations of retention between single- and
mixed-solute solutions, J. Membr. Sci. 258 (2005) 123–132.
31] W.R. Bowen, J.S. Welfoot, Modelling the performance of membrane
nanofiltration—critical assessment and model development, Chem. Eng.
Sci. 57 (2002) 1121–1137.
32] S. Lo Presti, M. Moresi, Recovery of selected microbial metabolites from
model solutions by reverse osmosis, J. Membr. Sci. 174 (2000) 243–253.
33] E. Rasanen, M. Nystrom, J. Sahlstein, O. Tossavainen, Comparison of com-
mercial membranes in nanofiltration of sweet whey, Le Lait 82 (2002)
343–356.
34] J.M.M. Peeters, J.P. Boom, M.H.V. Mulder, H.U. Strathmann, Retention
measurements of nanofiltration membranes with electrolyte solutions, J.
Membr. Sci. 145 (1998) 199–209.
35] F.G. Donnan, Theory of membrane equilibria and membrane poten-
tials in the presence of non-dialysing electrolytes. A contribution to
physical–chemical physiology, J. Membr. Sci. 100 (1995) 45–55.36] A.E. Childress, M. Elimelech, Relating nanofiltration membrane perfor-
mance to membrane charge (electrokinetic) characteristics, Environ. Sci.
Technol. 34 (2000) 3710–3716.
37] M.R. Teixeira, M.J. Rosa, M. Nystrom, The role of membrane charge on
nanofiltration performance, J. Membr. Sci. 265 (2005) 160–166.
[38] W.R. Bowen, H. Mukhtar, Characterisation and prediction of separation
performance of nanofiltration membranes, J. Membr. Sci. 112 (1996)
263–274.
39] M. Perry, C. Linder, Intermediate reverse osmosis ultrafiltration (RO
UF) membranes for concentration and desalting of low molecular weight
organic solutes, Desalination 71 (1989) 233–245.
40] J. Straatsma, G. Bargeman, H.C. Van der Horst, J.A. Wesselingh, Can
nanofiltration be fully predicted by a model? J. Membr. Sci. 198 (2002)
273–284.
41] T. Tsuru, M. Urairi, S.-H. Nakao, S. Kimura, Reverse osmosis of single
and mixed electrolytes with charged membranes: experiment and analysis,
J. Chem. Eng. Jpn. 24 (1991) 518–524.
42] M. Vourch, B. Balannec, B. Chaufer, G. Dorange, Nanofiltration and reverse
osmosis of model process waters from the dairy industry to produce water
for reuse, Desalination 172 (2005) 245–256.
43] A.E. Childress, M. Elimelech, Effect of solution chemistry on the sur-
face charge of polymeric reverse osmosis and nanofiltration membranes, J.
Membr. Sci. 119 (1996) 253–268.
44] S. Nomura, Y.G. Yang, C. Inoue, T. Chida, Observation and evaluation of
proton diffusion in porous media by the pH-imaging microscope using aPHBSoft/mobility listings.html, 2005, (Internet Communication).
46] E.R. Nightingale, Phenomenological theory of ion solvation. Effective radii
of hydrated ions, J. Phys. Chem. 63 (1959) 1381–1387.
